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We find a general model of single-field inflation within the context of type IIB string theory 
compactified on large volume Calabi-Yau orientifolds with h 2 ' 1 > h ' = 2. The infiaton is the axion 
part of the complexified Kahler moduli and the resulting scalar power spectrum is red, and can 
easily be made compatible with WMAP3 bounds on n s . This model overcomes the ^-problem using 
gaugino condensates on wrapped D7-brane while keeping the tuning of the parameters minimal. 
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The recent advances in using both NS-NS and R-R 
fluxes to stabilize the moduli of Type IIB Calabi-Yau 
(CY) compactifications jH Q. Q have sparked intense in- 
terest in the possibility of generating the scalar potentials 
required for inflation (for previous attempts at string in- 
flation, see 0). This has already resulted in some inter- 
esting models, such as racetrack inflation which use 
a combination of flux generated potentials together with 
non-perturbative potentials to construct a multi-field in- 
flationary model. 

Building on the work of Ref.0 (KKLT) and Balasub- 
ramanian et al. 6] (BBCQ), we show here that a single- 
field inflationary model can be obtained from Type IIB 
compactifications on CY orientifolds in the large volume 
limit. The infiaton field is one of the axion fields aris- 
ing as the real part of a complexified Kahler modulus of 
the compactification. This model solves the ry-problem of 
supergravity inflation models in a novel way: the small- 
ness of 77 comes from the size of a gauge group SU{N) 
on wrapped D7-brane that gives rise to gaugino conden- 
sation. 

The main idea is the following. BBCQ showed that 
in the large volume limit and neglecting exponentially- 
suppressed contributions to the potential, the potential 
has a non-supersymmetric minimum so that one can sta- 
bilize the volume and some of the Kahler moduli. They 
also argued that since this minimum is tachyon-free, one 
should be able to fix all Kahler and complex structure 
moduli. 

We proceed from where BBCQ left off and go back 
to the exponentially-suppressed parts of the potential. 
This potential will stabilize the remaining Kahler moduli 
and we will find that for Calabi-Yau orientifolds with 
h 1 - 1 = 2 (e.g.: Pi 1 1 6 9 i 0), this potential will give rise 
to inflation. 

This model can be thought of as a string version of 
natural inflation models |a| that used Pseudo-Nambu- 
Goldstone bosons as inflatons. 

Let us first review the relevant aspects of moduli sta- 
bilization in large volume compactifications. Type IIB 
string theory compactified on Calabi-Yau orientifolds 
yields Af = 1 supergravity as the four dimensional ef- 
fective theory. Ignoring the gauge sectors, the theory is 



specified by the Kahler potential and the superpotential. 
Including the leading a! corrections 0, the Kahler po- 
tential is the form of 
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where r is the axion-dilaton field, £1 is the (3,0)-form of 
the Calabi-Yau, V is the classical volume of M in units of 
l s = (2tt)Vc7, and f = -C(3)x(M)/(2(2tt) 3 ). We require 
that £ > 0, or h 2 ' 1 > h 1 ' 1 . Even though the superpoten- 
tial W jlflj does not receive any a' corrections, it acquires 
a non-perturbative part due to D3-brane instantons_ 
or gaugino condensation from wrapped D7-branes 
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Here G 3 = F 3 - tH 3i with F 3 and H 3 are RR and NS- 
NS 3- form fluxes, respectively, Aj's are one-loop deter- 
minants, a, = 2n/ M , with M is a positive integer. Also, 
Pi = bt + iTi are the complexified Kahler moduli consist- 
ing of the four-cycle moduli Tj's: 



n = d ti V = l-D ijk tH k 



(3) 



and the axions 6,'s. The t l, s measure the areas of two- 
cycles, Dijk are the triple intersection numbers of the 
divisor basis and the classical volume is expressed as 



v = ^D m tHh k 



(4) 



Since the non-perturbative effects in the superpoten- 
tial are exponentially small compared to the Gukov-Vafa- 
Witten part, we can follow KKLT by approaching the 
problem of moduli stabilization in two steps. First, we 
turn on the background fluxes to stabilize the dilaton 
and complex structure moduli. Then, we incorporate the 
non-perturbative effects and stabilize the Kahler moduli 
while treating the dilaton and complex structure moduli 
as fixed. 
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The Kahler potential and the superpotential now be- 
come 



form 
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where all but the Kahler moduli are taken to be fixed. 
From this we calculate the potential to be 
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Let us consider the large volume limit where all n —* oo 
except one, which we denote by r s . One of the conditions 
for t s is that this limit should be well defined. In this 
limit, the potential reduces to 



V = K> + Vnpl + K' P 2 + V. 
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Here, G Ps p j is the Kahler metric on the size moduli space 
and 14upp denotes the exponentially-suppressed contribu- 
tions to the potential. Since V— V supp depends only on b s , 
t s , and V, we can take advantage of the hierarchy in scales 
and approach the problem of stabilizing Kahler moduli in 
two steps, just as in the KKLT construction. Specifically, 
after fixing the dilaton and complex structure moduli, in- 
stead of turning on all the non-perturbative effects, we 
first only turn on r s -dependent effects. Once b s , r s , and 
V are stabilized, we treat them as fixed and go back to 
14upp to stabilize the rest of the Kahler moduli. 

The only dependence on the axion b s is in V^ p2 - Fur- 
thermore, extremizing the potential with respect to b s 
will result in making V^ p2 negative. BBCQ then showed 
that the potential approaches zero from below for large V 
so that there is a large-volume Anti de Sitter minimum. 
They also found that at this minimum t s is stabilized at a 
small value, which goes along with the earlier assumption 
of large volume limit. 

This solution can be then uplifted to a de Sitter min- 
imum by adding anti-D3-branes |2( or by using the su- 
persymmetric D-terms |13| • The uplift potential is of the 
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where e up M t > 0. 

We are now ready to try to find the inflaton amongst 
all the moduli. Consider Calabi-Yau orientifolds with 
two Kahler moduli p s and pi. 

After stabilizing b s , r s , and V, the potential reduces to 



v = v + v sl 



(9) 



where Vb is a constant. Since V = V(t s ,t;), this means 
that Ti has also been stabilized and so V^ upp = V supp {bi) 
and 
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where AiW = \AiW \e l9w . 

The range of Vq is model-dependent. However, for 
£upiift = 0, Vq < 0. Furthermore, for some values 
^uplift > 0, Vb > 0, though in this case, e up iift must be 
sufficiently small such that the minimum is not entirely 
wiped out. Since the value of Vo is a continuous func- 
tion of e up iift, one should be able to tune the parameters 
to get Vb to be exactly zero regardless of the geometry. 
Assuming that this has been done, we then proceed by 
setting Ow = and get V = (constant) cos(et/6;). 

As is typical in supergravity theories, the kinetic term 
for the axion bi is not canonical. However, since we have 
fixed the other moduli, we can rescale 6; — > Xbi with 
A 



pipi i 



which is constant, to make the kinetic 
term canonical. The equation of motion in an FRW back- 
ground is: 

k+3Hb l + ^-=0; 3H 2 = h 2 + V(k), (11) 
obi 2 

where dots denote cosmic time derivative and in our 
units, 8ttGn = 1- 

The slow-roll parameters are given by [l4| 
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Notice that 77 is constant, which means that once we get 
a small 77, the validity of slow-roll is solely determined by 
e. Of course, this is not true for Vb 7^ 0. 

We can rewrite the equations of motion in terms of the 
number of e-folds N, where N = J Hdt: 
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FIG. 1: H = -, where a is the scale factor, is constant. Thus 
the scale factor is exponentially increasing. 



FIG. 2: Scalar spectral index from axionic inflation for the 
last 60 e-folds before the end of inflation. The shaded region 
corresponds to the bounds from WMAP3. 



(13) 

Using r\ = —af/X 2 , we can rewrite e as a function of r] 
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To get inflation, we need to tune 77 to be small and let 
the axion bi roll from near the top of the potential. Now 
A depends on the geometry. However, it is constant and 
since a = 2ir/M, where M S Z + can be a large integer, 
tuning 77 is not a serious problem. It is interesting that 
our ability to get a small 77 comes mainly from the dis- 
crete parametrization of the gauge field SU{M) on the 
wrapped D7-brane. 

Furthermore, we have a constraint from the observa- 
tion of the scalar power spectrum, namely that the spec- 
tral index n s = 0.95ltn^l 0. For slow-roll inflation, 
we have the constraint Il4l 
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This tells us that we need M < 0.03. For concreteness, 
i] = —0.006. If we take as initial conditions h(N = 0) = 
0.1 and b[(N = 0) = 0, we get 800 e-folds or so of inflation 
(FigQJl. 

The spectral index for the last 60 e-folds before the end 
of inflation is plotted in Fig[3 and we can see that the 
observational constraint is compatible with our results. 

Since y sup p is exponentially suppressed, the scale of 
inflation is far below the 3 x 10 16 GeV threshold required 
to produce observable tensor contribution to the power 
spectrum. 

We can get sufficient inflation in this model for a large 
range of initial values of the axion field h , although they 
have to be relatively near the top of the potential. How 
likely this is to happen requires further analysis. 



String theory gives us a large number of scalar fields, 
one or more of which might have been the driving force of 
inflation in the early universe. However, it is rare to find a 
single field inflation model from string theory as we have 
done in this paper. The reason is that in general, at every 
stage of moduli stabilization, we are dealing with more 
than one scalar field. At each stage, it is tempting to 
constrain all fields, except one or two, along the minimum 
and use the rest, let us call them dynamical field(s), as 
inflaton(s). For example, when fixing b s , r s , and V, one 
might want to constrain b s and V, and only treat t s as 
a dynamical field. However, in general, this is not valid 
because: 

1. Since we have not finished stabilizing all fields in 
that stage, the constrained fields are still functions 
of the dynamical fields. For example, before sta- 
bilizing r s , extremizing the potential with respect 
to b s and V only resulted in expressing them as 
functions of t s , but not as fixed values. Thus, as 
the dynamical fields evolve, the constrained fields 
evolve too. Therefore, since all fields are coupled to 
gravity, in general, we can not neglect the dynam- 
ics of the constrained fields in doing the analysis 
for inflation. 

2. We cannot assume a priori that as the dynami- 
cal fields evolve, the constrained fields will remain 
constrained. It is more likely that these fields will 
oscillate around their respective constrained forms. 
Whether the oscillation can be neglected requires 
careful analysis of the equations of motion for the 
constrained fields. 

What is different in our situation is that we have 
used the fact that V^ upp is exponentially suppressed to 
approach the problem of moduli stabilization in three 
stages, where in the last stage we only have to deal with 
the axion which we then use as the inflaton. 
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In order to do a geometry-independent argument, we 
have tuned Vq to be zero. As we have discussed above, 
this is not an unnatural thing to do from the perspec- 
tive of flux compactifications. Furthermore, Vq = is 
not a necessary condition for inflation either. We can 
still produce inflation with Vq < as long as the top of 
potential is still above zero. Obviously, Vq > will not 
prevent inflation from happening. However, in order for 
inflation to stop, Vq should be sufficiently small such that 
the bottom of the potential is not above zero. 

The theory of reheating is still an open problem in 
this model. Since we are not working on a specific ge- 
ometry, we are not going to discuss the problem of re- 
heating in this paper. However, with the recent progress 
in the study of phenomenological implications in particle 
physics that emerge from large volume compactifications, 
esp . concerning mechanism of supersymmetry breaking 
|16j . it would be interesting to work on a specific model 
that has both inflationary sector and SUSY breaking sec- 
tor, and address the issue of reheating. We hope to do 
so in a future publication. 
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